Abstract-We report a new shape of subwavelength triangular spiral ring resonator which is designed to operate in terahertz regime. The metamaterial split ring resonator unit cell is constructed with the help of a single loop of conducting wire strip printed over a very thin high permittivity silicon dielectric substrate. The effective permittivity, permeability and simulated scattering parameters show that our proposed metamaterial can be used in number of applications in terahertz frequency band where broadband operation is required. Unloaded Q factor is calculated for new terahertz metamaterial resonator. The reported structure is novel in terms of its broadband operation in THz frequencies.
I. INTRODUCTION
Split ring resonators are the basic and still most commonly used artificially manufactured metallic structures that can be used to control the electromagnetic wave in resonating structures. The fascinating characteristics attracted scientists to test them on terahertz and optical frequencies. Metamaterials are unnaturally prepared electromagnetic materials comprising of sporadically arranged sub-wavelength metallic unit cells. The field of metamaterials was initially proposed with the help of scientific contribution by Veselago [1] . He proposed novel class of materials that can display negative permittivity and permeability. This research work was based on the basic properties of electromagnetic propagation of waves in materials. Veselago hypothetically presented low loss metamaterial and show the unprecedented attributes of metamaterial that were never explored naturally. Pendry et al. [2] presented their initial parametric study of the materials with negative permittivity and the negative permeability. They stated that a set of periodically arranged metal strip wires with suitably chosen spacing and radius can be used to construct a device i.e. split ring in order to get negative values of the permittivity and permeability. After that, Smith et al. [3] discovered new metamaterial, which exhibit concurrent negative values of electric permittivity over microwave frequency and magnetic permeability. He continues with his experiments to further understand the unnatural characteristics of metamaterials. Shelby [4] carried out the initial experiments on array of 2-dimensional (2D) metamaterial unit cell made of copper strip and split ring resonator exhibiting negative refraction. There is a plenty of research work that has been done theoretically and experimentally but still a lot to know about such unnatural properties of metamaterials and their prospective applications [5] . The design of metamaterial structures based on their shapes and geometry is still the most interesting research work for researchers [6] .
Conventional split rings and other types of planar structures such as circular, rectangle, omega, U-shape and S-shape are used to create some new metamaterials [7] - [8] . It is reported in the literature that such an artificially designed metamaterials can attain left-handed properties at terahertz (THz) frequency, which ranges from 0.1-10 THz [9] . In this paper, to the best of our knowledge, we have developed a new shape of subwavelength planar terahertz metamaterial comprised of triangular spiral split ring resonator. The spiral ring resonator is constructed on a very thin high permittivity silicon substrate material and the unloaded Q factor is calculated. The reported structure exhibits multiple resonances at terahertz frequencies that makes it very suitable for broadband terahertz applications.
II. DESIGN STRUCTURE AND SIMULATION
The split ring resonators are used to engineer artificial metamaterials showing unconventional properties which are not found in nature. The structural geometry of the proposed metamaterial design is shown in Fig. 1 . The conducting wire strips of split ring resonator are spaced with 2μm to each other and printed over a very thin high permittivity dielectric substrate with a gap at the base of outer and inner spiral end. Silicon is utilized here as a substrate material in the resonator design. The relative permittivity of silicon substrate material is r = 11.9, relative permeability μ r = 1 and electrical conductivity is 0.00025 S/m.
The thickness of substrate used here is 0.5μm. The overall dimension of metamaterial structure is 45μm × 45μm × 0.5μm = 1012.5μm
3 . The conducting strips are made of copper material with electrical conductivity of 5.8107 S/m. The strip thickness is 0.017μm The width of copper strips and the inner and outer gap is 2μm and 1μm respectively. Dimensions of proposed unit cell are summarized in table I. The unit cell of split ring resonator is printed on one side of the dielectric substrate and a perpendicular wire strip is on the other side of the silicon substrate as illustrated in Fig. 2 .
Effective simulated parameters are extracted from the parameters retrieval technique adopted by D. R. Smith [10] . The wave impedance and refractive index is calculated in (1) and (2) as:
where "z" indicates wave impedance.
(2)
978-1-4799-5981-5/14/$31.00 ©2014 IEEE where "n" is the refractive index, "k" is the propagation vector and "d" is the thickness of substrate material.
The relationship between permittivity, permeability and wave impedance is explained and calculated using (3) and (4) and the resulting graphs are shown in Fig. 4 and Fig. 5 .
The new shape of broadband terahertz metamaterial cell is designed, simulated and analyzed using CST Microwave Studio 2011 software package. The proposed resonator is excited in a free space environment assuming perfect electric and magnetic boundaries. The excitation to the resonator is applied along with x-axis and it is kept open in boundary condition where as electric field is polarized along with y-axis and magnetic field is along z-axis. The simulation setup of the metamaterial is shown in Fig. 2 . 
III. DISCUSSION ON RESULTS
The transmission and reflection of proposed metamaterial structure is depicted in Fig. 3 . It is clear that the proposed metamaterial resonates at three different frequencies and transmission dips are observed at 2.47, 3.55 and 4.37 THz. The transmission dips indicate the location of the resonance in terms of the frequency. The magnitudes of transmission and reflection values at the resonant frequencies also define the locations of the resonance. Such sharp resonance can be very useful in analyzing a very small surface change on dielectric substrate material. The resonance shift could be observed in such condition.
The resonant behavior of the unit cell resonator is analogous to the behavior of LC tank circuit at resonant frequencies (ω r = 1/LC). The capacitance and the inductance of the unit cell structure is dependent of the inner and outer gap areas and the strong coupling between the inner and outer edges of the resonator. Proper placement of the number of turns and ring gaps is very important because it can change the behavior of the entire resonator. The electric and magnetic resonance of the proposed ring resonator can be observed in Fig. 4-5 , which illustrates the real and imaginary parts of effective electrical permittivity and the magnetic permeability of proposed split ring resonator.
The negative permittivity indicates transmission at 2.5, 3.55 and 4.37 THz. The magnetic resonance is observed negative at the first fundamental resonance frequency of the structure and it remained negative for the rest of resonance regions up to 3.25 THz.
Quality factor (Q factor) is an important figure of merit that needs to be considered when describing the sensitivity of the metamaterial structures. The Q factor of a resonance peak or dip can be calculated from the resonant frequency (f 0 ) and the frequency bandwidth (Δf ) of the resonant peak at -3dB power point [11] . Regardless of the smaller Ohmic loss at terahertz frequencies, there has been no pivotal change in the enhancement of Q factor of the metamaterials because of the losses caused by radiation. Commonly, this value for the terahertz, infrared, and optical plasmonic metamaterials is seen around 10 [12] . By keeping this limitation in our focus, we have provided a simulation based solution towards achieving good Q factors for split ring resonators. Here, unloaded Q factor of our proposed metamaterial structure is calculated using -3dB bandwidth formula and the result is summarized in table II.
Usually the value of Q factor increases or decreases with frequency. The same applies here but this value is also dependent upon the sharpness of the transmission dip (S 21 ). The deeper and narrower (with zero reflection) transmission dips are useful in achieving higher value of Q factor.
IV. CONCLUSION
We have studied a new type of metamaterial structure and we have observed its broadband characteristic at three different terahertz frequencies. Scattering parameters were obtained using simulation and effective permittivity and permeability was calculated using reported parameter retrieval method. The real part of electrical permittivity and permeability is found to be negative. Low quality factors on high frequencies limit the performance of the split ring resonators for sensing applications. Calculated results show that our reported new resonator shape can also be useful in broadband THz label free and near field sensing applications.
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